Introduction
The cell-based approach consists in a therapeutic act carried out by means of transplantation, transfusion or manipulation of cells ultimately aimed to treat or to alter the course of human diseases [1] . It intrinsically involves two main arms: translational medicine on one hand, and development of commercial products for clinical use on the other. The cell-based approach is the backbone of regenerative medicine, and in the last few years, it has led the way to the so-called "cell-based therapies" or "cytotherapies", which represent the most recent phase of the biotechnological revolution in medicine.
Concurrently with the rapid development of applied biotechnology in both diagnostic and therapeutic fields, neurosurgery has seen a dramatic and parallel transition from an old era intended as purely "mechanical" to a new "biological" one. The most tangible aspect of this phenomenon is represented by the latest World Health Organization's classification of brain tumors, which comprehends a biomolecular connotation aimed at differentiating primitive neoplasms in terms of diagnosis, prognosis and responsiveness to therapy [2] .
The same transition is also valid for the goals achieved by translational medicine and concerning efficacy and safety of a series of genetic therapies or immunotherapies for malignant brain tumors tested by an equally large number of clinical trials, most of which have already reached phase 2.
The above goes far beyond the mechanical, physical or chemical approach of "conventional" surgery, radiotherapy and chemotherapy respectively.
Once again, advances in translational medicine and nanotechnologies have allowed for new and revolutionary approaches for neurological diseases, which were historically considered incurable: e.g. use of stem cells for the cure of a spinal cord injury sequelae.
For these reasons, nowadays, but more and more in the near future, neurosurgery ought to consider cell-based therapies among the possible treatment options for a wide range of pathologies affecting the central nervous system (CNS), as well as the spine.
The aim of the present study is a comprehensive review of the literature focused on the rationale and the application fields, as well as the ongoing trends and future perspectives of cell-based therapies in neurosurgery, which are at the basis of the so-called "cell-based approach".
Materials and methods
An online literature search has been performed based upon the PubMed/MEDLINE platform. The MeSH (Medical Subject Headings) database has been used.
The MeSH terms "Celland Tissue-Based Therapy", "Tissue Engineering", "Regenerative Medicine", "Guided Tissue Regeneration", "Cell Engineering", "Immunotherapy, Active", "Immunotherapy, Adoptive", "Stem Cells", and "Genetic Therapy" have been checked. For each MeSH term, our research has been restricted to specific subheadings, mainly focusing on classification criteria and clinical employment of cell therapies. The aforementioned terms have been combined with further MeSH terms: "Brain", "Spinal Cord", "Spine", and "Skull". On the basis of their relevance, the articles have been furtherly divided into "neoplastic", "traumatic", "vascular" and "neurodegenerative" pathological fields. Only articles in English, published in the last 10 years, and pertinent to neurosurgery have been selected. According to the best match and relevance inferred by the titles and abstracts, an additional sorting has been carried out. Table 1 reports the literature search strategy used with Mesh Database within Pubmed/MEDLINE platform.
Results

Literature volume on cellular therapies
The search has retrieved a total of 1,173 articles. The search for "Immunotherapy, Active" has brought forth only articles regarding checkpoint inhibitors and vaccines, which basically consist in chemotherapy and immunomodulation employed in the treatment of brain tumors. Active immunotherapies have been excluded from this study because not involving injection, grafting or implantation of a cellular product into the patient [1] . Fig. 1 reports the flow-chart showing the results of the PubMed/ MEDLINE literature search according to the main MeSH terms.
Classification of cellular therapies
The cell-based therapies can be classified according to different criteria: the medical specialty (e.g. the neurological, cardiovascular or hematological one); the donor-host relation (e.g. autologous or allogeneic therapies); the type of the advanced-therapy medicinal product (e.g. somatic cell, genetic therapy or tissue engineered products) [3] ; and lastly, the underlying technology at the basis of their transplantation, transfusion or manipulation [4] .
The rapid growth of these new technologies and their constant refinement over the years has led to such dramatic increase and enrichment of cell therapies that a technology-based classification has become essential to facilitate the comprehension of the basic approaches to the transplantation or manipulation processes of the "therapeutic" cells.
The technology-based classification involves a subdivision into somatic cell, cell immortalization, gene modification, genome editing, cell plasticity, and three-dimensional technologies, as well as, combinations among them [4] .
Somatic cell technologies
In summary, somatic cell technologies use autologous, allogenic or xenogenic [5] cells that are purified, propagated and/or differentiated before being administered to patients for therapeutic purposes. No further technological input is brought into play within this huge group of cell-based therapies which involves both the common blood transfusion products, and the more up-to-date stem cells. A non-negligible limitation in the usage of somatic cells, and even of stem cells relies on their susceptibility to genetic and phenotypic modifications with a subsequent potential loss of biological activity as a consequence of extensive tissue culture expansion [6] . Somatic cell technologies involve specific forms of immunotherapies on one hand, and stem cell-based therapies on the other.
3.2.1.1. Immunotherapies. Immunotherapy of CNS tumors includes three well-defined strands: the checkpoint inhibitors, the vaccines and the cellular therapies. Checkpoint inhibitors and vaccines are considered active immunotherapies, whereas engineered T cells, natural killer (NK) cells, and natural killer T (NKT) cells are fundamental for adoptive immunotherapies.
Within the field of adoptive immunotherapies, an integrated approach consists in the therapeutic depletion of regulatory T cells (Tregs), basing upon the assumption that, both the thymus-derived and the inducible ones, they are involved in the immunotolerance of glioblastoma [7, 8] .
Nevertheless, Tregs-depletion can be qualified as an immunomodulating approach rather than an adoptive immunotherapy.
3.2.1.1.1. Adoptive immunotherapies in malignant brain tumors. Table 2 summarizes the clinical trials on the adoptive 
. Engineered and activated T cells Engineered T cells therapies involve T-cell receptor (TCR) transgenic T cells therapy and chimeric antigen receptor (CAR) T cells therapy.
"Activated" T cells are the final result of the in vitro immunization process at the basis of "Autologous Lymphoid Effector Cells Specific Against Tumor cells" (ALECSAT) technology.3.2.1.1.1.1.
TCR transgenic T cells
In 95% of human T cells, TCR consists of an alpha (α) and a beta (β) chain and bind the major histocompatibility complex (MHC) molecules expressed on the cell surface.
TCR transgenic T cells therapy implicates the isolation of αand β-chains, their manipulation and insertion into retroviruses or lentiviruses by means of which their cloning can be achieved, and ultimately, the infection of the patient's T cells. TCR transgenic T cells are theoretically able to enhance the immune response against the tumor. Nevertheless, the mispairing between endogenous α/β and transgenic α/β TCR chains has been the main limiting factor for this approach to the point that no clinical trials have been implemented for brain tumors yet.3.2.1.1.1.1.2. CAR T cells CAR T cells therapy involves leukocyte apheresis, interleukin 2 or anti-CD3 antibodies-induced activation-proliferation of T cells, gammaretrovirus or lentivirus-mediated transfection of chimeric antigen receptor (CAR) genes, and finally, reintroduction of the engineered CAR-T cells [10] . The chimeric nature of CAR is due to the combination of both antigen-binding and T-cell activating functions into the same single receptor ( Fig. 2 ). Redirected CAR-T cells have the ability to target a specific protein expressed onto the neoplastic cells' membranes, which are therefore selectively destroyed [11] . The specificity of these cells to a given tumor depends on the types of transfected CAR genes. For glioblastoma, tested CAR genes have been the epidermal growth factor receptor (EGFR) variant III [12, 13] , the interleukin-13 receptor a2 (IL-13Ra2) [14] , CD133 [14] , the human epidermal growth factor receptor 2 (HER2) [15, 16] , and the erythropoietin-producing hepatocellular carcinoma A2 (EphA2) [17] . An initial leukocyte apheresis upregulates the number of cytokines production promoting a dramatic expansion of the engineered CAR-T cells after their delivery [18] . These engineered smart bullets behave as drugs capable of being selectively activated by the interaction with the tumor, of proliferating, and of implementing their cytotoxic action, overcoming the issue of immunological tolerance. CAR-T cells transplant may be autologous or allogenic.3.2.1.1.1.1.
Autologous Lymphoid Effector Cells Specific Against Tumor cells (ALECSAT)
As opposed to TCR transgenic and CAR T cells therapies, Autologous Lymphoid Effector Cells Specific Against Tumor cells (ALECSAT) therapy is a form of epigenetic cancer immunotherapy, namely, not involving DNA alterations. It was introduced and popularized by CytoVac (Cytovac A/S, Hørsholm, Denmark) for the treatment of prostate cancer and glioblastoma, but also for pancreatic cancer. Basically, ALECSAT therapy is based on the injection of autologous NK and CD8þ cytotoxic T lymphocytes (CTL), both playing as effector cells, previously activated and amplified ex vivo from the patient's blood sample. ALECSAT immunization protocol lasts 26 days, and it is divided into several distinct phases. In a first step, lymphocytes and monocytes are isolated from the patient's peripheral blood sample. Monocytes are cultured and differentiated into dendritic cells (DCs). A subsequent mature DCs-lymphocytes co-culture generates autologous activated T helper (Th) cells. By means of 5-aza-2 0 -deoxycytidine, a DNAdemethylation agent, CD4þ Th cells are induced to express cancer/ testis antigens (CTA), thus becoming CTA-expressing and activated Th (CTA-Th) cells. CTA-Th cells are then added to non-activated lymphocytes, ultimately obtaining activated and expanded CD8þ CTL effectors. Furthermore, the tumor cells which don't provide an antigen are targeted by activated NK cells [19] .
ALECSAT immunotherapy has the advantage of allowing the population of secondary lymphoid organs for a long-lasting effect, also aiming at a wide variety of tumor antigens, and reducing the possibilities of tumor escape at the same time.
NK cells
Despite their well-known strong cytotoxic activity against malignant tumors, NK cells have been reported to be the least abundant immune cells of all in glioblastoma, generally accounting for no more than 2% [20] . The reason seems to be attributable to the high representativeness of the major histocompatibility complex (MHC) class I molecules, and of the human leukocyte-antigen (HLA) ligand type A on glioma cells, both of which are able to interact firstly with inhibitory NK cell and killer immunoglobulin-like receptors (KIRs), and ultimately they can inhibit the task of the NK cells [21] . Different NK cell-based approaches are theoretically possible. The first and most straightforward one involves the use of allogenic NK cells, which cannot be inactivated, not recognizing as own MHC class I molecules and HLA type A ligand expressed by glioma cells. As opposed to other allogenic transplants, infusion of immune cells is associated with a greater ability of avoiding rejection, this aspect being the basis for allogenic immunotherapies [22] . A second ALECSAT: Autologuos Lymphoid Effector Cells Specific Against Tumour; CAR: chimeric antigen receptor; CTL: cytotoxic T-lymphocytes; EGFR BATs: EGFR Bi-armed Activated T-cells; EGFRvIII: epidermal growth factor receptor variant III; GBM: glioblastoma; GRm13Z40-2: allogeneic CD8þ cytotoxic T-Cell genetically modified to express the IL 13-Zetakine and hygromycin B thymidine kinase and to be resistant to glucocorticoids, in combination with Interleukin-2; HER2(EQ)BBζ/CD19t þ Tcm: preparation of genetically modified autologous central memory enriched T-cells (Tcm) expressing a chimeric antigen receptor consisting of an anti-human epidermal growth factor 2 (HER2) variable fragment that is linked to the signaling domain of the T-cell antigen receptor complex zeta chain (BBζ), and truncated cluster of differentiation (CD)19; IgT: Immunogene-modified T; IL-13Rα2: interleukin-13 receptor α2; PBL: peripheral blood lymphocytes; PD-L1 CSR: programmed death possible approach comprehends KIRs antibody-mediated blocking, which dramatically increases the NK cells oncolytic effect. A third feasible way involves antibody-dependent cellular cytotoxicity and is based on the use of antibodies against EGFR. The fragment crystallizable (FC) region of the antibody also binds the CD16 (FcγIIIA) activating receptor and finally causes cancer cell apoptosis. Further important activating receptors potentially expressed by NK cells are KIR2DS2 (2DS2: two domains, short cytoplasmic tail 2) and NKG2D (G2D: Group 2D). Interestingly, KIR2DS2þ genotype has been associated with a greater cytotoxicity together with inhibition of angiogenesis; sorting, expansion, and autologous transplantation of these types of NK cells have been tested as adoptive immunotherapy against glioblastoma [23] . Immunoligands able to bind NKG2D receptor have a rationale, as well. Yvon and colleagues have reported the potential implications of cord blood NK cells retrovirally transduced to express a dominant negative form of transforming growth factor (TGF)-β receptor II (DNRII) [24] . DNRII makes these cells immune from the detrimental effects of TGF-β produced by microenvironment. NKs' exosomes [25] and a novel CAR NK cell line targeting EGFR variant III [26] are both object of great interest. Glioblastoma NK cell immunotherapy has been combined with the use of mAb9.2.27 antibody, which is able to inhibit angiogenesis through the secretion of interferon (IFN)-γ and the tumor necrosis factor (TNF)-α [27] . Fig. 3 reports an overview of the main molecular mechanisms involved in NK cell-based immunotherapy for glioblastoma.
The rationale at the basis of NKT cells relies on their potential oncolytic activity against solid tumors, which has proven to be valid also for glioblastoma. The latter, however, tends to escape from NKT cells by means of a higher expression of micro RNA-92a associated with an equally high representativeness of an immune tolerant IL-6þ IL-10 þ NKT cell phenotype [28] . A dramatic enhancement of NKT cell cytotoxic activity against glioblastoma has been demonstrated as the result of their expansion in culture using autologous mature DCs loaded with the NKT ligand α-galactosyl ceramide. They may also be used to induce active immunization [29] .
Several factors have been reported limiting the effectiveness of immunotherapy on brain tumors. Among others, the lack of tumor antigen expression onto glioblastoma stem cells is responsible for loss of tumor immunological phenotype, and this same factor plays a fundamental role in the escape mechanisms from vaccines and T-cell therapy. At a molecular level, aberrant nitric oxide synthase 2 (NOS2) is gaining growing interest as a potential therapeutic target [30, 31, 32, 33] . Stem cell-based therapy offers potential treatment for developmental, traumatic, oncological and degenerative neurological diseases for which currently, there are very few cures.
Stem cells are immature undifferentiated cells with a self-renewal capacity, which practically means they are able to divide giving birth to two daughter cells, the first of which maintains the tissue-specific stem cell heritage, while the other differentiates into an any other specialised cell of a given tissue. Every tissue hosts a population of stem cells able to grow, regenerate, repair or regulate the tissue itself. Based upon their origin, stem cells may be embryonic, fetal or adult ones. Embryonic stem cells (h-ESCs) derive from a blastocyst inner cell mass, whereas fetal stem cells come from fetal blood and tissues, and adult stem cells are present in every differentiated tissue. h-ESCs are characterised by atypical cell cycle regulation, which is at the basis of their indefinite potential of propagation in culture, specific set of markers, lack of contact inhibition, and extreme ability to differentiate. They also have been reported to form teratocarcinomas in nude mice. Fetal stem cells originate blood cells, but also tissues and organs. Umbilical cord blood, amnion/placenta, umbilical cord veins and umbilical cord matrix cells are precious sources of fetal stem cells. Umbilical cord fetal stem cells have the great advantage of being readily available, inexpensive, multipotent and immune from ethical issues involving both embryonic and fetal stem cells, and hindering their widespread implementation [34, 35, 36] . Adult stem cells were identified for the first time in the hematopoietic system, and later on in adult CNS. They were found to possess unexpected plasticity, and extensive regenerative capability.
A large part of the reasons for their employment derives from the fact that they are a source of autologous cells for transplantation, thus unburdened by immunological complications.
Due to their differentiation potential, i.e. plasticity, stem cells may be classified as totipotent, pluripotent or multipotent ones. Theoretically, the unique true totipotent cell is the zygote with its progeny. All types of cells, including embryonic and extra-embryonic tissues, originate from a totipotent cell. Pluripotent cells are also known as h-ESCs because they come from the blastocyst inner cell mass. Totipotent cells may stem from all the three germ layers, giving birth to ectodermal, mesodermal and endodermal tissues, but not embryonic or extra-embryonic ones. Multipotent cells are present in each of the three germ layers ever since embryonic life. These cells are capable of generating a wide spectrum of cell lines all belonging to the same tissue where they reside. This class of cells is responsible for tissue repair after damage and auto-regeneration. Classically, four main types of human multipotent cells are known: mesenchymal stem cells (h-MSCs), neural stem cells (h-NSCs), bone marrow stromal cells, and olfactory ensheathing cells. Interestingly, multipotent cells are present also in adult age.
Regarding CNS, the line of self-renewing stem cells is usually referred to as neural precursor cells or neural stem cells (h-NSCs), and they are capable of differentiating into neurons, astrocytes, and oligodendrocytes, responsible for the maintenance of homeostasis and regenerative processes [37, 38] . h-NSCs have been isolated from the olfactory bulb and the hippocampus, two sites with clear evidence of neuronal turnover. These specific cell types are thought to maintain restricted neural differentiation capabilities or in any case, committed to specific subpopulation lineages [39, 40, 41, 42, 43, 44, 45] . Specific biomarkers reflecting the processes of embryogenesis and adult neurogenesis define both h-ESCs and adult h-NSCs [46] .
However, the most interesting and recent class of staminal cells are undoubtedly the human induced pluripotent staminal cells (h-iPSCs). These cells derived from genetically reprogrammed adult somatic cells are believed to carry the same potential of pluripotent cells and are theoretically unlimited in number, as they can be derived from any adult somatic tissue [47, 48, 49] . Oncogenicity is the main concern related to h-iPSCs [49] .
3.2.1.2.1. Actual and potential applications of stem cells-based therapies 3.2.1.2.1.1. Brain tumors It is known that gliomas are characterised by increased resistance to therapeutic approaches. Treatment failure is probably due to the presence of glioma stem cells (GSCs) leading to high recurrence rates and poor survival. GSCs are considered a relevant target for glioma therapy, and GSCs elimination is crucial in treating glioblastoma [50] .
The main application field of stem cells in neuroncology is represented by malignant gliomas for which an impelling need for the development of new and more effective therapies exists.
Neural, but also mesenchymal stem cells have been reported to hold a tremendous potential in surrounding glioblastomas, also blocking the spreading of the tumor toward the neighboring and distal sites along the white matter pathways [51] . Furthermore, thanks to their high tropism for the adult brain pathology, as well as their extensive migration capability, these cells may act as selective deliverers of drugs in the sites of the tumor invasion [51, 52, 53, 54] . Engineering of neural or precursor stem cells through a retrovirus-mediated transfer of specific genes into the genome of neural stem cells has led to think of these cells as highly selective antagonists against a glioblastoma invasion [55, 56, 57, 58, 59, 60, 61] . Transgenes may codify for interleukins, lysosomal enzymes or enzymes able to convert prodrugs in physiologically active molecules, which ultimately act as an antiblastic therapy, enhancing the cytotoxic power of conventional chemotherapy on cancer cells, as well. Adenoviruses have been utilised instead to introduce a family of genes codifying for some tumor necrosis factor (TNF)-related apoptosis-inducing ligands into the neural or precursor stem cell DNA capable of causing a selective apoptosis of glioblastoma cells [62, 63, 64, 65, 66] . hNSCs have been extensively used also as carriers of the oncolytic herpes simplex virus, due to the fact that this approach has great potential against recurrent and disseminated gliobalstomas [67, 68, 69, 70, 71, 72] . Last but far from least, neural or precursor stem cells seem to be capable of inherent antitumoral activity against the growth of glioblastoma [55] . This activity is independent from whatever cellular modification, and although the fine mechanisms are still largely unknown, Staflin and colleagues report that hNSCs may elaborate certain factors, such as the transforming growth one (TGF-β), therefore acting as antagonists toward tumor growth [73] .
3.2.1.2.1.2. Traumatic brain injury Mammalian adults' brain is site of proven neurogenesis in response to ageing [74, 75] or mechanical injury [76, 77, 78, 79] . Throughout our entire lifetime, neurogenesis occurs physiologically at the ventricular-subventricular zone of the lateral ventricle, of the subgranular zone of the hippocampal dentate gyrus, and of the olfactory system. There is plenty of evidence confirming that post-traumatic neurogenesis and brain remodelling attributable to the persistence of hNSCs into adulthood also occurs at cortical level, both proximal to the injury site than distal, and it is mainly sustained by new astrocytes [75, 79, 80, 81] . This has opened the way to replacement of damaged neurons by transplantation of neural stem cells; this approach has been thought as a possible alternative in the treatment of traumatic brain injury sequelae [78, 82, 83, 84, 85, 86, 87, 88, 89, 90] .
In summary, the effects of spontaneous endogenous post-traumatic hNSCs activation may be potentially enhanced by an autologous transplant of the same cell population isolated from brain tissue, drawn during brain surgery and preventively treated ex-vivo.
Spinal cord injury
Endogenous and spontaneous neurogenesis supported by astrocytes and oligodendrocytes has been demonstrated after acute spinal cord injury [91] . In animal models, proliferation in the ependymal and periependymal canal originates precursor cells that differentiate toward glial lineages [91] . An essential fact regarding the cell-based approach to spinal cord injury consists in a well-known existing disproportion between the functional restoration and the neuron regeneration/replacement degree. This means that the role played by the transplanted stem cell on the spinal cord injury site is largely beyond simple numeric replacement of damaged neurons at the gray matter level. Just like in the brain, the spinal cord also has a recognised regenerative capacity, although several barriers tend to hinder self-regeneration and functional recovery. Apart from neuron replacement, stem cells act in different ways in order to promote functional recovery. They affect the posttraumatic cord microenvironment through the secretion of a set of bioactive molecules, acting both paracrinely and autocrinely to suppress local immune response, enhance angiogenesis, and inhibit scarring and cell death. In addition, they are responsible for axon remyelination, sprouting and for addressing them toward their targets, as well as for the formation of functional bridges [5, 92, 93, 94, 95] . Important aspects to be defined in this field are the best type of cells to select for transplant, their dosage, the administration route of choice, and the ideal timing for therapy. Unlike traumatic brain injury, a very broad spectrum of autogenic and allogenic stem cells has been employed for the cell-based approach to spinal cord injury, with the obvious advantages of very low or none immunogenicity. Bone marrow and adipose-derived mesenchymal stem cells (MSCs), hematopoietic stem cells, neural precursor cells, olfactory ensheathing, and embryonic cord blood stem cells are examples of this procedure [96, 97, 98, 99, 100] . Even xenogeneic ovine bone marrow MSCs have been reported to be capable of surviving and engrafting into the spinal cord of an injured rat showing transdifferentiation into a neuroglial phenotype able to support functional recovery [5] . However, a series of non-negligible evidence supports the employment of h-ESCs as the best candidates for a cell-based approach to spinal cord injury. The main reasons rely on their indefinite replication potential while maintaining their genetic stability, their pluripotency, and very low immunogenicity. After transplantation, these cells seem to survive for weeks without forming teratomas, differentiating into neurons, oligodendrocytes, and astrocytes, and ultimately, inducing functional improvement [101, 102] . At present the therapeutic dosage of stem cells still remains empiric and widely undetermined due to the fact that the most evidences are based upon animal models.
The administration route of therapeutic stem cells onto injury sites represents a further and to date debated issue. Although several delivery models have been tested, as e.g. direct, intrathecal lumbar, intra-arterial and intravenous injections, the best way to release the cells at the target sites is yet to be determined. As far as the timing is concerned, an acutely injured spinal cord establishes a hostile environment for stem cells, just as fibrosis and cystic changes, characterizing the chronic phase, can limit the effects of the transplanted cells dramatically [103] . Since a spontaneous functional amelioration is potentially obtainable after incomplete cord injury, the current tendency is to transplant the stem cells during the chronic and stabilized phase in order to avoid a false interpretation of their therapeutic effect [104, 105, 106] .
3.2.1.2.1.4. Cranial and spinal skeletal defects Bone marrow MSCs and human adipose-derived stromal cells (h-ASCs) have been reported to have an impressive osteogenic potential [107] . The methodological approaches for the handling of adipose tissue or lipoaspirate, isolation and expansion of hASCs, as well their immunophenotypic characterization and cryopreservation, pointing out advantages and limitations of several techniques able to affect the hASCs quality have recently reviewed [108] . h-ASCs, in particular, have provided an evidence for regeneration of vertebral bone defects when genetically modified to overexpress the recombinant human bone morphogenetic protein (BMP-6) [109] .
Recently, h-iPSCs and h-ESCs have also been suggested as candidates to repair skeletal defects [110, 111] . All of these cell lines have been tested for skull and vertebral body restoration combined with pro-osteogenic biomimetic scaffolds, which are able to support cellular viability, as well as to guide cell differentiation for functional engraftment. Relevant results have been achieved for h-iPSCs and h-ESCs in rats on critical-sized calvarial defects >4 mm, and using hydroxyapatite-coated poly-l-lactide-co-glycolide scaffolds engineered to release BMP-2 (PLGA/HA þ BMP-2) [112, 113] . Not surprisingly, BMP-2 has proved to be a powerful inductor of osteogenesis and incidence of teratomas has been negligible [111] . Acellular bovine alloperiosteum scaffold has also been tested successfully for the same purposes [114] . This set of evidence suggests that local surrounding niches may play a paramount role in guiding the outcome of implanted pluripotent cells.
3.2.1.2.1.5. Intervertebral disc degeneration Several studies have documented a self-renewal capacity of the intervertebral disc, which is supported by the presence of stem cells within the disc itself [115, 116, 117] . 5-bromo-2 0 -deoxyuridine (BrdU) positive cells have been found in both the anulus fibrosus [115, 118, 119] and the nucleus pulpous (NP) [115, 120] indicating slow but continuous cell proliferation. Although self-regeneration affects especially the outer part of the anulus fibrosus, NP is considered a niche of stem cells. Tie2, GD2 and CD24 are the main cell surface markers of NP stem cells, whereas the hypoxia-inducible factor 1-alpha (HIF-1α) and the tonicity-responsive enhancer binding protein (TonEBP/NFAT5) are considered as functional markers [121] . NP-derived stem cells have been reported to carry a proven osteogenic and chondrogenic capacity, but not an adipogenic differentiation one [122, 123] . The cell-based approach for intervertebral disc degeneration finds its rationale in these aspects. Two main paths are theoretically possible for the cure of a degenerated intervertebral disc: the first involves the enhancement of the intrinsic regenerative capacity of native NP-derived stem cells, while the second comprehends the transplantation of autologous, allogenic or even xenogeneic stem cells. Currently, the second approach has been more investigated by far.
Probably more than in other stem cells, the NP-derived ones are often associated with a specific phenotype characterized by a paramount role of Notch signaling pathways, which also play as functional markers for the identification of these cells within the NP [121] . Notch1 expression pattern has been reported to be very similar to the BrdU positive cells one [115] , and its expression is also induced by the hypoxic microenvironment physiologically present at the avascular disc level [124] . This evidence has led to think of Notch1 as a potential target for endogenous stem cell-based repair for a damaged intervertebral disc.
Conversely autologous NP-derived cells represent a detrimental source for stem cell transplant due to their reduced availability in aged discs [116, 117] . Several cell sources have been proposed as an alternative, including chondrocytes and MSCs derived from bone marrow or adipose tissue, which have highlighted advantages and disadvantages [125] . Before the transplant, MSCs can be induced into NP-stem cells in different ways: e.g. treatment with TGF-β, insulin-like growth factor-1, fibroblast growth factor-2, and platelet-derived growth factor [126, 127] or co-culturing with mature NP cells, ultimately resulting in an up-regulation of NP marker genes [128] , or also notochordal cell conditioned medium [129] . Regardless of how induction takes place, MSCs are also able to increase matrix production of endogenous degenerative cells, probably because of a paracrine mechanism [121] .
Cell immortalization technologies
Cell immortalization technologies are based on a transgenic retroviral-induced modification of a given cell line aimed to clone it exponentially, and therefore to exploit its potential therapeutic effects. This transgene modification may obtain its effects by acting at a transcriptional or post-transcriptional level, and the genetically-induced clonation may occur both in vitro and in vivo [130] .
Undoubtedly, the most important example in this field is the c-mycERTAM technology, which basically consists in a retroviral delivery of the c-mycERTAM transgene aimed at making immortal the neural stem cell line CTX derived from fetal cortical brain [130, 131, 132] . To date, the clinical applications of these cells regard stroke management. Conceptually, immortalization technologies differ from a somatic cell one, because the former involves genetic manipulation, which goes beyond simple purification, propagation and/or induced-differentiation. They also diverge from ex vivo/in vivo gene modification technologies, whose object is to modify the target cells qualitatively, often without affecting their numeric representativeness, contrary to what happens in merely quantitative cloning.
Cell immortalization technologies have been employed basically for research purposes in the neurosurgical field. These techniques have allowed to expand our knowledge about the naïve genomic aspects and the in vitro responses to the therapy of some intracranial tumors, and to study them in detail [133, 134, 135, 136] .
Gene modification technologies
Gene modification technologies represent an expression of genebased therapies focused on curing a series of human diseases like cancer, but also neurological, cardiovascular, infective and genetic disorders. Retrovirus, lentivirus and adenovirus have been reported as the most advantageous vectors capable of introducing genetic material into the cellular genome. The virus-mediated insertion of foreign DNA into a target cell ultimately creates chimeric products which are able to perform a tailored interaction with their targets therefore fulfilling the therapeutic action. Although viral transduction techniques have been the most frequently employed gene carriers, plasmid transfection techniques involving liposome nanoparticle-mediated delivery of circular DNA, have also been recently reported [137, 138, 139, 140] . Gene modification technologies have been widely employed in hematology [141, 142, 143] , oncology [14, 144, 145, 146] , and more recently in neurology, as well [147, 148, 149] .
These techniques are aimed at the transfer of a single gene copy codifying a therapeutic enzyme or growth factor into the genome of the target cell.
Two main types of carriers have been used for this purpose: viruses and lipid nanoparticles, both providing advantages and drawbacks. While adenoviruses, herpes simplex virus (HSV) and various retroviruses have gained a primary role in gene therapy for brain tumors, the adenoassociated virus (AAV) has been reserved to non-tumor applications. The main reason for this difference in the use of the aforementioned viruses lies in their dimensions and shapes, and therefore in the specific quantity of genetic material that can be integrated. HSV, lentivirus and adenovirus may range between 100 and 200 nm compared to AAV, which is no larger than 20 nm. This means that lentivirus and HSV have the largest carrying capacity regarding non-viral DNA, and generally, they are considered more suitable as gene-carriers when the intended genetic material is greater than 5 kB [150] . HSV can contain up to 40 kB [151] . Nevertheless, the following limitation must be taken into account: the larger the size of the virus, the more restricted the spread within the tissue will be, and so will the oncolytic effects for large or disseminated tumors. HSV has a very rapid gene expression, but similarly to adenovirus, it may be pathogenic for the human brain being able to trigger explosive immuno-mediated responses. Lipid nanoparticles-mediated transduction of DNA is burdened by a lower immunogenicity; however, at the same time, it seems to be associated with a lower capability of delivering genetic material to the target cell.
By means of the insertion of transgene codifying for one or more ligand peptides, neuroncological gene therapy ultimately makes neoplastic cells susceptible to a given cell-killing drug. This kind of therapy is also referred as suicide gene therapy, which has been employed in a wide spectrum of human cancers, and glioblastoma among them. Table 3 reports a comparison between viral vectors versus lipid nanoparticles focused on dimension, carrying and spreading capacity, oncolytic effect, and pathogenicity. Table 4 summarizes the clinical trials on gene therapies for malignant brain gliomas [9].
Suicide gene therapies in glioblastoma
3.2.3.1.1. HSV-TK/nucleoside analogue gene therapy. A further approach for glioblastomas consists in the insertion of herpes simplex virus (HSV) thymidine kinase (TK) into the tumor cell genome.
TK is a key enzyme for DNA synthesis and cell division, and at the same time, it is also the target of antiviral drugs as acyclovir, ganciclovir, and valacyclovir which are nucleoside analogues. The introduction of a HSV-TK gene into the tumor cells makes them able to express HSV-TK, which is, in turn, attacked by antiviral drugs [152] . A non-negligible number of phase 1 and 2 trials have already established the safety of TK gene therapy and ganciclovir treatment [153, 154, 155, 156, 157, 158] . With the goal to enhance the local immune response against glioblastoma, immune modulatory genes as interleukin 2 gene have also been delivered in association with TK gene alongside HSV-TK gene therapy [158] . The effects of TK gene-Flt3L gene co-delivery, with the latter acting as DCs stimulator, are under investigation [159] .
5-FC/CD gene therapy.
Similarly to what has already been described for HSV-TK/nucleoside analogue suicide gene therapy, 5-FC/ CD therapy involves viral transduction of the cytosine deaminase (CD) gene into glioblastoma cells followed by administration of 5-fluorocytosine (5-FC). CD converts the antifungal drug 5-FC into fluorouracil, an antitumor drug with an oncolytic effect on tumor cells. Phase 1 to 3 trials have demonstrated safety and effectiveness of this kind of approach for glioblastomas and anaplastic astrocytomas [160, 161] (www.clinicaltrials.gov: NCT01985256, NCT01156584 and NCT01470794). Uracil phosphoribosyltransferase (UPRT) is an absent enzyme in mammalian cells, which converts 5-fluorouracil (5-FU) into 5-fluorouridine 5 0 -monophosphate. A co-expression of CD-UPRT genes has been reported to have a prolonged survival in animal glioblastoma model [162] .
3.2.3.1.3. Adenovirus-interferon β therapy. A phase 1 trial has tested safety and efficacy of a stereotactic injection of human IFN-β (hIFNβ)-expressing adenovirus vector in patients with malignant gliomas, therefore concluding that also this "TK-independent" approach induces tumor cell apoptosis with tolerable collateral effects [163] .
3.2.3.1.4. Adenovirus-mediated P53 therapy. Adenovirus-mediated p53 gene transfer into glioblastoma cells has been shown to have an oncolytic effect in a phase 1 trial [164] . All except one [165] of the completed or still ongoing trials concerning brain cancer gene therapy involve intracerebral injections of the chimeric cells achieved via open surgery or stereotaxis, because this route of administration has the great advantage of targeting the affected brain areas directly while bypassing the blood-brain barrier [153, 154, 155, 156, 157, 158, 164, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179] . Intraventricular release may be a valid option in case of disseminated tumors.
Genome editing technologies
Unlike gene modification technologies, those applied to genome editing comprehend a broader DNA manipulation through nucleases, which are able to modify, regulate or mark genomic loci, ultimately, producing therapeutic effects. A wide spectrum of nucleases has been detected for these purposes [149] .
Differently from gene therapies, whose encoding products by transgenes are specific enzymes or growth factors that act directly as therapeutic tools, genome editing technologies involve wider genome manipulation of the target cells, finally operating a complete knockout, activation or even modification of the given gene. Targeted gene editing has already witnessed extensive use of zinc finger nucleases (ZFNs), meganucleases and transcription activator-like effector nucleases (TAL-ENs). ZFNs are enzymes harboring a DNA-binding and a DNA-cleavage domain which allows them to perform highly selective editing of the target gene [180] . As most nucleases, also ZFNs are intended for ex vivo therapy using patients' stem cells. TALENs are a further example of nucleases having a binding and a DNA-cleavage domain just like ZFNs. Engineered TALENs are delivered to target cells via plasmids able to transfect the cells and introduce exogenous DNA, which knocks out or modifies the target gene [180] . The most recent nuclease adopted for genome editing purposes is a clustered, regularly interspaced, short palindromic repeat (CRISPR)/Cas9 system. This bacterial immune system derived nucleases uses complementary guide RNAs to target specific sequences, and thus, it has been reported to be more intuitive if compared with other previously employed nucleases in terms of rational design of sequence targeting [181] . The CRISPR/Cas9 system works by targeting genetic material operated by CRISPR sequences and the degradation consisting in a double-stranded break of the same material by recruitment of the Cas9 endonuclease [182, 183] .
Cell plasticity technologies
Cell plasticity technologies are aimed to induce a functional transdifferentiation of the cell, which in turn, is used to restore a damaged tissue. Cell plasticity technologies have been improved for the last ten years after the discovery of h-iPSCs [47, 48, 49] .
Despite potential risks of tumorigenesis and cancer related to uncontrolled growth, as well as uncertainties related to the safety profile of transdifferentiated cells [184] , this approach appears to be a valuable one considering the theoretically unlimited obtainable cell supply, and especially the full immune matching with the receiving patient in case of autologous transdifferentiation.
Cellular plasticity techniques are based on the assumption that a somatic cell, and therefore differentiated in a specific phenotype, under particular induced conditions can differentiate into a completely different phenotype, previously believed to be beyond its own transformation capacity. Transdifferentiation based upon the concept of plasticity can be induced in different ways. The highest and most recent expression of cellular transdifferentiation potential is represented by h-iPSCs [47, 48, 49] . The principal aspects that make this technology one of the most promising and exciting in the near future are the unlimited number of transdifferentiated cells potentially obtainable and their theoretically zero immunogenicity.
Three-dimensional technologies
Three-dimensional (3D) technologies have been proposed in order to overcome the two main limitations regarding tissue engineering, which are basically structural and immunological issues. 3D technologies arise from the full integration between the cellular somatic technologies and the use of biocompatible materials, the scaffolds first. In this context, new scaffolds play a role that goes far beyond their simple mechanical support. While first-generation biomaterials were employed only as inert mechanical substrates for cell growth, decellularized second-generation scaffolds combine their three-dimensional configuration with a physiologic module of mechanical strength. The so-called third-generation or smart scaffolds are even able to encapsulate transplanted cells to protect them from rejection caused by the host's immune system [4, 185, 186, 187] . Today, three-dimensional technologies represent a huge research field in regenerative medicine, as well as one of the most important translational challenges of the 21st century.
Discussion
Overview on the ongoing trends
The last decade has witnessed progressive evolution in neurosurgery mainly consisting in a transition from an era considered "mechanical" because of the kind of technology in use to a new "biological" one instead [30, 31, 33, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214, 215] .
This trend has occurred concurrently with the rapid and parallel development of applied biotechnology in both diagnostic and therapeutic fields. The most tangible aspect of this phenomenon is represented by the recent advances in brain tumors genomics and proteomics, which have led to a completely different classification [2] from describing merely histopathological morphological aspects to establishing a biomolecular definition capable of differentiating primitive tumors in terms of diagnosis, prognosis and therapy. A similar concept is also true for the success obtained by translational medicine, which have initiated an innumerable series of clinical trials, many already in phase 2, aimed at testing efficacy and safety of a series of gene therapies or immunotherapies for primary malignant CNS tumors. The aforementioned evolution goes far beyond the mechanical, physical or chemical approach involved in surgery, radiotherapy and chemotherapy respectively. Advances in translational medicine and nanotechnologies have also introduced new and Table 3 Comparison between viral vectors versus lipid nanoparticles focused on dimension, carrying and spreading capacity, oncolytic effect, and pathogenicity. 
HSVs: herpes simplex viruses; AAVs: adeno-associated viruses; "þþ": very high; "þ": high; "þ/-": medium; "-": low; "--": very low. revolutionary approaches to neurological diseases historically considered incurable: e.g. the use of stem cells in spinal cord injuries. Nevertheless, to date, most cell therapies are still being tested in terms of both safety and efficacy with the only exception of the hematological field where transplantation of hematopoietic stem cells is already a proved and evidence-based treatment option for a wide spectrum of blood related disorders [216, 217] .
That much said, nowadays and in the foreseeable future, neurosurgery ought to include the cell-based approach among the treatment options for a wide range of its pathologies.
Future perspectives
At present, surgery represents the only management able to guarantee long survival and a good outcome for several patients with complex and challenging neurosurgical pathologies, especially as far as oncologic and neurovascular fields are concerned [198, 201, 204, 208] .
Promising cell-based therapies seem to have started to modify this scenario dramatically.
Despite recent and countless steps forward which have been taken, implementation of cell therapies in neurosurgical clinical practice is still limited today by the need to overcome several technical issues. Introduction of new technologies, optimization of the presently existing ones, and reduction of the costs are among the main future translational challenges.
Somatic cell technologies
Among somatic cell technologies, at present, the stem cell-based approach to brain and spinal cord trauma is influenced by the availability of such cells, the potential for engraftment, immunogenicity, and important ethical problems related to employment of embryonic or fetal stem cells. The recent advent of iPSs [47, 48, 49] , and growing evidence regarding the possibility of using xenogeneic stem cells to induce neuroglial transdifferentiation [5] could partially overcome certain issues, e.g. availability and ethical aspects, but concerns still exist about their immunogenicity and oncogenicity. A further key aspect is connected to the stem cell administration route onto target sites, especially for brain tumors. Refinement of transdifferentiation-inducing techniques, and further clinical trials aimed at assessing a safety and efficacy profile, as well as an optimal dosage will be necessary to improve this kind of cellular therapy.
In the adoptive immunotherapies field, ALECSAT has recently aroused interest. Nevertheless, at the moment, no results are available for 2 completed trials out of the existing 3, of phase 1 and 2.
Gene modification technologies
The future of gene therapies instead will be focused in particular on the refinement and improvement of vector design and delivery, but also on the target gene promotors. To date, no vector is considered perfect. Although the advent of lipid nanoparticles has solved most immunogenicity issues, their potential spreading in the nervous system remains unknown, but apparently quite limited. An emerging need for an in-vivo real time imaging of the vector diffusion within the CNS also exists, and could be the object for further and new research fields to develop. Furthermore, an even higher specificity of the target gene promotors will be required to improve selectivity and specificity for such therapies. Vector delivery still represents a non-negligible problem to overcome when dealing with large or disseminated brain tumors, especially taking into account that current gene therapies find their principal indication in these cancer forms as second-line or adjuvant treatments. Vector design is strictly related to its potential for delivery, its immunogenicity notwithstanding. Indeed, despite their viral origin, immunogenic as such, viral vectors, small sized AAVs firsts, are still those with the highest spreading capacity, although they often have a very small transport capability. Last but far from least, the concept of minimal invasive and tailored biological era contrasts dramatically with the anachronistic need for intraventricular direct release, which still exists for most of these therapies. As a matter of fact, improvement in the administration route is also necessary.
Three-dimensional technologies
3D technologies are focusing more and more frequently on the thixotropic, thermo-responsive, growth factor-encapsulating and in situ self-assembling properties of biomaterials and scaffolds, and very soon organ-like structures or organoids will possibly be available for transplants [4, 185, 186, 187] .
As far back as 1999, an impressive editorial by Winn and Howard reported that in the following 100 years, neurosurgery "would have evolved to non-invasively image and assessed the microenvironment (cellular level) of the central nervous system. Furthermore, the era of biological surgery would have been characterized by the location of neurosurgical operating rooms at the outpatient setting. The patient, having been diagnosed by microscreening techniques to have an early abnormality such as a tumor, would then had immunological therapy specific for the tumor type and CNS location to eradicate the abnormality. Then, through a process of disinhibition of native stem cells, regrowth of the diseased area of the central nervous system would have occurred" [218] .
In conclusion, what Winn and Howard anticipated 20 years ago corresponds perfectly to the direction cellular therapies are nowadays conducting us to.
Conclusion
In the last decade, the rapid development of translational research and nanotechnologies in regenerative medicine has given rise to a still ongoing trend in neurosurgery characterized by its progressive evolution from a purely mechanical era to a new biological one.
Somatic cell technologies, which are at the basis of both immunologic and stem cell-based therapies, and gene-modification technologies have witnessed progress.
Immunotherapies and gene therapies have been widely tested for the cure of malignant brain tumors, especially for glioblastoma, in a nonnegligible series of clinical trials, which have already reached phase 2.
Stem-cell based therapies have found a rationale in particular for sequelae of brain and spinal cord injuries, but also as potential treatment for skeletal, cranial and spinal defects, as well as for intervertebral disc degeneration.
The advent of new technologies, optimization of the already existing ones, and reduction of costs are among the main challenges for the future.
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